Inline printing and coating methods have been demonstrated to enable a high technical yield of fully roll-to-roll processed polymer tandem solar cell modules. We demonstrate generality by employing different material sets and also describe how the ink systems must be carefully co-developed in order to reach the ambitious objective of a fully printed and coated 14-layer flexible tandem solar cell stack. The roll-to-roll methodologies involved are flexographic printing, rotary screen printing, slot-die coating, X-ray scattering, electrical testing and UV-lamination. Their combination enables the manufacture of completely functional devices in exceptionally high yields. Critical to the ink and process development is a carefully chosen technology transfer to industry method where first a roll coater is employed enabling contactless stack build up, followed by a small roll-to-roll coater fitted to an X-ray machine enabling in situ studies of wet ink deposition and drying mechanisms, ultimately elucidating how a robust inline processed recombination layer is key to a high technical yield. Finally, the transfer to full roll-to-roll processing is demonstrated.
Introduction
The pinnacle of complexity for fully solution-processed organic electronics is represented by the organic tandem solar cell 1 that requires a large selection of materials, careful formulation into inks and solvent systems compatible with the required combination of fast printing/coating techniques that are included in the process along with challenging lm thickness and quality control. The motivation is clearly the desire to tap into the potentially higher power conversion efficiency that multi-junction solar cells have to offer. At the same time it is assumed that the added complexity that multi-junction solar cells also imply can be overcome easily. The power conversion efficiency of laboratory-scale polymer tandem solar cell devices reportedly exceeds 10% (ref. 2 and 3) and has been predicted to have technical potential in the range of 15-25%. 4, 5 The scaled efficiency that can currently be reached with fully roll-to-roll processed single junction polymer solar cells, that are true to the art and vision of high speed manufacture without any discrete steps, is signicantly lower than the record single junction
Broader context
The polymer solar cell is one of the most scientically reported energy technologies not only due to the promises of being an exceptionally low environmental impact technology on a massive scale, but also because it can be realized in a myriad of ways and can be made subject to a near innite level of variation. The enormous complexity is reected both in the ease with which they can be made and also in the difficulty with which they are made efficient. In spite of the enormous number of reports (>10 000) there is still no standard procedure for realizing high efficiency devices beyond magic and luck. Efforts in scaling such that generic methods are available is key to reaching this level and signicant research is needed within this area if the technology is to become viable outside academia. The highest efficiency for the polymer solar cell is possible through the multi-junction architecture where two or more junctions are stacked on top of each other, thus representing a task that is both difficult and challenging, but also potentially rewarding if it can be realized. We show how fully scalable tandem OPV modules can be prepared using full roll-to-roll processing and we also illustrate what equipment is needed to carry out the experiments and highlight areas that could facilitate further development of the technology, especially with respect to materials development and materials properties. laboratory devices. The best reported power conversion efficiency for fully printed, exible single junctions that do not comprise indium-tin-oxide (ITO), vacuum or discrete processing steps is 3.5% over an area of 1 cm 2 . 6 There is a signicant gap between the power conversion efficiency for single laboratory observations on very small active areas and the average performance of large area exible devices that are packaged into a nal form. 7, 8 The former is of course representative of the potential of the technology while the latter is what can be practically achieved with the current materials and methods. This was recently epitomized in a large study that encompassed a compilation of all data reported for polymer solar cells (around 12 000 datasets from 9 000 scientic reports).
9 This study highlighted a large spread in data and a signicant gap between the values found at the outskirts of the Poisson type distribution and the average values that most probably represents what can be achieved in practice. The study also raised the important question of how to scale the technology to higher efficiencies if at all possible. One conclusion could be that the topic of large area processing methods must be addressed with signicant research intensity if the potential of the technology is to be realized. The advantages of the roll-to-roll solution processed polymer solar cells are well demonstrated in terms of volume, robustness and reproducibility.
10,11 Even a simple laboratory roll-to-roll machine enables the robust manufacture of many kilometers of foil with solar cell modules over a few hours, clearly demonstrating the edge that polymer solar cells have to offer over all other known energy technologies: ultra-high speed manufacture of enormous areas of solar cells that embody very little energy and materials. 12, 13 Existing single junction polymer solar cells have already been demonstrated to outperform all other energy technologies with respect to embodied energy, materials use, recyclability, installation speed and energy pay-back time, and it is clear that a higher performance would further increase the appeal of this technology as long as it does not compromise the benets that have already been realized.
13-15
The tandem structure potentially gives access to a higher performance than the single junction at the expense of extra processing steps and material input. Besides the central question of whether it is at all possible, it is imperative to establish nearly the same technical yield as for the single junctions.
Here, we present the rst fully roll-to-roll processed exible polymer tandem solar cell modules with a large area. The modules were prepared using a generic process employing a series of roll-toroll processing techniques that were carried out under ordinary laboratory conditions in an ambient atmosphere (i.e. no clean room). We only employed wet processing (i.e. no vacuum steps), additive printing and coating methods (i.e. no lithographic or subtractive techniques) throughout the module manufacture. We demonstrated that inline coating of the intermediate layer is critical for the success and enables a high technical yield.
Experimental

Materials
Several substrate materials were employed. Melinex ST506 (130 micron thick polyester), 60 micron and 40 micron thick polyester barrier materials from Amcor, respectively, with and without a UV-lter having an optical cut-off of 390 nm were used. The barrier materials had an oxygen transmission rate of 0.01 cm 3 20 and dispersed in acetone with a concentration of 56 mg mL À1 . The back silver was a screen printing formulation from Dupont (5025) and the carbon was a screen printing formulation from Acheson (PF407). The adhesives employed for encapsulation were from DELO (LP655, VE110484, LP612). The general substrate comprising any of the polyester materials above was used with a printed front electrode combination of silver grid, PEDOT:PSS and ZnO known as the Flextrode. 
Mini-roll coating
The general procedure for coating was conducted as presented previously 21-23 on a mini-roll coater developed by us 21, 22 which is now commercially available. 22 The procedure was similar to the previous tandem report with small variations as noted here. (1) The high-bandgap sub-cell was coated with a theoretical dry thickness of 180-220 nm depending on the polymer, (2) the compatible PEDOT:PSS F010 layer was coated with a wet thickness of 8 mm, (3) the PEDOT:PSS AI 4083 hole selective layer at 23 mm wet layer thickness, (4) zinc oxide had a wet thickness of 5 mm, (5) the low-bandgap sub-cell was coated to obtain a dry thickness of 300-350 nm, (6) the compatible PEDOT:PSS F010 layer was coated with a wet thickness of 8 mm, (7) the PEDOT:PSS AI 4083 hole selective layer at 23 mm wet layer thickness, (8) the PEDOT:PSS F010 top electrode was coated with a wet thickness of 38 mm, and (9) the silver top electrode was exographically printed with a web speed of 1.3 m min À1 .
Roll-to-roll GISAXS
Grazing incidence small angle X-ray scattering model studies were carried out on a custom SAXS setup, employing a rotating anode source, operating at 40 kV, 40 mA, with a focused, monochromated (1.5418Å wavelength) beam, collimated to 1 mm beam size on the sample. The X-ray incidence angle was 0.35 . Data were acquired using a 2D delay line gas proportional detector with 29 Â 100 s exposure and analyzed for the presence of the P3HT stacking peak as an indication of the structural integrity of the stack. Layers were coated at a speed of 0.5 m min À1 with identical wet layer thicknesses to the full scale rollto-roll coating described in the roll-to-roll processing section.
Roll-to-roll equipment used
Four roll-to-roll processing machines were employed to carry out the complete process: (1) a R2R inline machine (305 mm web width) comprising an unwinder, an edge guide, a web cleaner, a corona treater, an input nip, a exographic unit, a slot-die unit #1, an oven #1, a rotary screen printer, a slot-die unit #2, an oven #2, an output nip, a barcode writer and a rewinder. The machine has 3 tension zones. (2) A R2R testing machine (510 mm web width) comprising a testing unit, a nip and a rewinder. (3) A R2R UV-laminator comprising an unwinder, a dancing roller system for tension control, a corona treater, an edge-guide, a exographic unit, a lamination nip, a laminate (tandem solar cell) unwinder, a high power UV lamp (5 kW), 300 mm Â 400 mm high power LED curing lamps, an output nip and a rewinder. (4) A R2R laser cutting machine for nally cutting out the completed modules. Contacts were made by punching snap connectors through the area printed with graphite.
Roll-to-roll processing
The Flextrode was prepared as described in the literature 7 with the exception that the processing speed was changed for the front silver grid (20 m min
À1
) and PEDOT:PSS (20 m min À1 ).
The thickness of the front PEDOT:PSS layer (PH1000) was also halved. The absorber layers were slot die coated using a die with a 16 stripe mask and a meniscus guide. MH301:PCBM inks were coated at an oven temperature of 140 C, a web speed of 1. The carbon contacts were rotary screen printed at a web speed of 2 m min À1 and dried at 120 C. Devices were roll-to-roll tested at a web speed of 0.25 m min À1 . UV-lamination was carried out using corona treatment of the protective foil (not on the solar cell) using a power setting of 2 kW on the high power UV lamp and 36 W optical output from the LED lamp array. The web speed was 1.5 m min À1 and the adhesives tested VE110484 and LP655 were the best and about equal in practicality, use and performance. Laser cutting was carried out using a roll-to-roll laser cutter comprising a 90 W CO 2 laser. The linear cutting speed of the laser was 4 m min À1 .
2.6 Device performance and stability testing I-V curves were recorded under a Steuernagel K1200 metalhalide lamp with a neoceram lter using a Keithley 2400 source meter. The intensity was calibrated using a high temperature pyranometer from Kipp & Zonen. The accurate determination of sample performance was carried out at CLOP (the Characterization Laboratory for Organic Photovoltaics) using SRC (standard reporting conditions 1000 W m À2 , 25 C). First, the external quantum efficiency of the samples was measured by individual electrical and light biasing of each junction in the tandem stack followed by determination of the total spectral response of the complete device. The data were then used to calculate the spectral mismatch between the samples and the calibration photodiode (with KG5 lter) used for the calibration of the solar simulator (with A class light spectrum). During the I-V scanning the samples were kept at 25 AE 1 C using a cooling stage. The values reported under SRC in this study contain an error of less than 2%. Fig. 1 shows the layer stack employed for the fully roll-to-roll processed exible polymer tandem cell along with the materials employed in each layer. The process starts with transparent polyester foil which may comprise barrier properties onto which the rst slanted comb silver electrode is printed using exo-graphic printing at a high speed (20 m min À1 ). Simultaneously a barcode is printed enabling unique identication of each printed motif. This transcends the entire process and implies that each individual cell in a module can be identied throughout the process and electrical data measured in the end can be linked back to every step of the process for every printed motif. Fig. 1 also shows the outline of the foil including how the modules are laid out on the foil. The photograph shows a tandem device from the front side based on the two active materials MH301 (red colour) and MH306 (green colour) that are slightly offset with respect to each other and the two colours are clearly visible in the zoom-in. The challenge in realization of a tandem stack for a nally packaged exible polymer tandem solar cell module that has been prepared entirely by sequential wet processing of all layers should not be underestimated. The current stack involves 14 subsequent roll-to-roll processing steps and is representative of what one would require to manufacture this on a large industrial scale. We made use of our extensive experience with state-of-the-art roll and roll-to-roll processing. Some of the machinery that we employed is shown in Fig. 2 where we highlight the use of a roll-coating machine 21, 22 that is sufficiently removed from the traditional processing methods such as spin coating and vacuum evaporation while being signicantly closer to full roll-to-roll processing to facilitate technology transfer. The mini-roll coater has several advantages and makes it possible to eliminate potential sources of error from the inevitable boundary conditions that full roll-to-roll processing implies. The mini-roll coater allows for the preparation of multilayer stacks: (1) without having to touch the surface of the foil, (2) with zero web tension, (3) with a very large bending radius during the entire experiment, and (4) the foil is not subject to exing during the entire experiment as it stays on the roll (drum). Perhaps the most central question is if one of the layers would be sensitive to the surface being touched during the processing. The touching of the printed (but dried) surface is impossible to avoid in ordinary R2R processing where surfaces come into contact with the rollers when transported through the machine and even though it is possible to develop systems without surface contact using air rollers the eventual rewinding of foil on a roll will result in the front and back of a foil touching. The mini-roll coater was designed to enable completion of a full process (with any number of layers) without bringing the surface into contact with anything else but the wet ink of the subsequently processed layer. In the ultimate case this is deemed impractical and processes must be robust enough to ensure that the surface is brought into contact with the surroundings. During development and scientic studies however the mini-roll coater efficiently excludes this and many other potential sources of error. We initially succeeded in realizing functional tandem devices 23 and also demonstrated that perfect stacks could be realized based on high resolution X-ray ptychography 24 on the mini-roll coater. We however failed in transferring the process to a full roll-to-roll coating setting.
Results and discussion
Transfer from lab to fab
Roll-to-roll X-ray scattering
By careful analysis using a small model roll-to-roll coater that can be mounted in front of an X-ray scattering instrument 25 (shown in Fig. 2 with data in Fig. 3f-h) we could study the structural evolution in an already printed/coated layer as a function of wet layer deposition on top. The most suited technique was found to be Grazing Incidence Small Angle X-ray Scattering (GISAXS) where structural information from the lamellar stacking was used as a marker for the integrity of the layer(s) already present. Model studies involving a layer of P3HT:PCBM were used when probing the wet processing on top of it and we found that the components of the intermediate layer (PFN, PEDOT:PSS and ZnO) processed from respectively methanol, water/isopropanol and acetone could be coated easily on top of the active layer whereas the processing of the second active layer from an organic solvent such as xylene, chlorobenzene, dichlorobenzene or chloroform would lead to destruction of the already coated layer. Upon drying, the structure was of course re-observed, but the sequential layer stack and the integrity of the individual layers were compromised as evidenced by cracks in the intermediate layer and of course the lack of functionality as a tandem solar cell. We employed the roll-to-roll X-ray machine to identify the solvents and coating conditions required for robustness of the process. Most notably we found a stark difference between the solvent resistance of the intermediate layer when processed using rollto-roll processing of each layer in discrete steps and the coating of the intermediate layer in the same machine passage using inline coating as shown in Fig. 2. 
Inline processing for high technical yield and tandem operation
The difference in the technical yield is very convincing and we employed several material combinations and found the inline processing to consistently enable robust manufacture while discrete processing did not enable us to prepare a single module where all eight cells of each module were tandem junctions. Discrete processing allowed for tandem cell processing and we found modules where several of the adjacent cells were tandem junctions. It could perhaps be expected that inline processing (i.e. processing where several layers are added during the same passage of foil through the machine) has an advantage over discrete processing, however the level of importance is unexpected. In terms of performance the accurate Fig. 2 Roll-to-roll and roll processing methods shown schematically (above) and corresponding photographs during coating operation (below). The junction and process development by sequential stacking of all layers without making surface contact using a roll coater (left) along with the small roll-to-roll X-ray machine (middle) where coating was carried out while the wet, drying and dry film could be probed using Grazing Incidence Small Angle X-ray Scattering (GISAXS). Inline coating using two fully automated slot-die coating stations and two ovens are shown (right) while the intermediate layer comprising PEDOT:PSS and ZnO was prepared.
efficiency measurements under standard reporting conditions (see the Methods section) revealed a certied PCE value of 1.76% over an active area of 52.2 cm 2 for a module with eight tandem cells in series (Fig. 3c) . This performance is comparable with single junction modules prepared using essentially the same module layout (freeOPV 12 ) and underlines the need for further development both within materials and interfaces and also within processing. It should be stressed that these devices are fully printed and coated without vacuum steps and as such constitute a fully scalable technology provided that higher efficiency levels can be reached.
Flexible tandem OPV modules
The major step forward that we present here is that it is in fact possible to manufacture exible large area tandem OPV modules under ambient conditions (no clean room) using only printing and coating methods in a layer stack that comprises quite a signicant number of chemically different layers. The entire tandem stack comprises 14 wet processed layers and involves a number of different processing methods. In this work we have sought to demonstrate a process that is fully scalable and without limitations and have reached this challenging goal. The active area of the tandem modules (52.2 cm 2 ) accurately determined using the combination of LBIC and a precision electronic caliper can be qualied as "large" underscoring that it is possible to robustly prepare such multi-layer stacks using wet processing over large areas without special precaution. Inline processing enabled us to reach a high technical yield as shown in Fig. 3b where the electrical data for all junctions are shown for 25 meters of processed foil (500 modules $ 4000 tandem junctions). In Fig. 3b it can be seen that aside from the beginning and end of the foil all the modules are functional. In one of the processing runs there was a defect in one of the junctions that propagated through the entire run. This was also clearly seen in LBIC images 26 for module 200 (each module number comprises two eight cell tandem modules). On the plot (Fig. 3a and b) light green to dark green cells are functional tandem junctions. In the case of discrete processing (Fig. 3a) , the majority of the junctions did not operate as tandem junctions while some tandem junctions were successfully prepared and conrmed to be tandem junctions by extraction and testing. In the case of discrete processing (Fig. 3a) the technical yield of tandem junctions for a full run (4000 junctions, 500 modules) was in the range of 11-28.8%. In contrast inline processing (Fig. 3b ) gave access to much higher technical yields in the range of 88.8-96.9% for a full run (4000 junctions, 500 modules). The advantage of the processing system is that every cell on the roll is uniquely identiable and electrical data are recorded for each cell before packaging by UV-lamination. We were also able to ship these devices to all the laboratories participating in this development and found agreement on both performance and operational stability under dark storage (ISOS-D-1) 27 and light soaking (ISOS-L-1). 27 The shelf life demonstrates maintenance of open circuit voltage over 800 hours while PCE degrades due to loss of mainly I sc (Fig. 4) . This demonstrates that the tandem junction is stable over some time and at least in this rst version stable enough to warrant further development. The loss in FF and I sc is likely to be caused by the gradual trap formation in ZnO, which is difficult to anneal out in a dark storage experiment with limited light soaking during the intermittent testing. Under light, all parameters degrade fast initially but do seem to stabilize to a constant decay aer around 150 hours where the FF demonstrates the most stable behaviour.
Conclusions
Overall these promising results certainly warrant further material, process and device development and even if the performance of the tandem devices prepared does not progress beyond single junctions the technical development goes beyond speculation in the possibility of wet processing of organic tandem solar cells. We conrm that it is possible to carry out these experiments under simple conditions with high technical yield and it is possible to prepare an enormous number of modules in a short time using a fully scalable process. The data acquired have allowed for a detailed cost analysis 28 enabling comparison with other analysis 29 and underline the impact that process development can have. Most particularly the specic development of materials for a particular process such as this could allow us to tap into the advantages that tandem polymer solar cells do have to offer. It is however likely that the scientic thrust should be with the nal form and processing methods in mind and not as it has been until now with a blind focus on high performance in an oen unrealistic and not scalable setting. It is also very likely that the active materials and inks will have to be developed specically with the thermomechanical properties of the multi-layer structure in mind. The complex multi-layer structure with different thermal expansion coefficients and moduli for the individual layers and different adhesion energies at each interface are likely to present an enormous challenge for the manufacture of a robust exible tandem organic solar cell. 30, 31 This was clearly observed when we processed the modules on substrates with different layer thicknesses. We could successfully process functional tandem devices on all three substrate thicknesses when employing a mini-roll coater where there is no web tension and a very large bending radius. During roll-to-roll processing of the foils the largest strains and compressions were observed for the thickest substrate (0.27% strain, 0.25% compression) leading to the conclusion that strain and compression must be minimized as should roller passage. This will enable a robust and high yield ambient tandem OPV process together with materials development towards high elasticity and interface adhesion. 31 Studies on thermo-mechanical properties are the least explored in this context while there are of course also several other aspects, some of which we have addressed in this work but far from exhaustively. Most importantly the control of lm thickness and especially the evenness of the dry lms for the multi-layer stack through proper ink design. This involves control of viscosity, ink stability over time, ink rheology during deposition, ink rheology during drying (i.e. heating and up-concentration of solutes in the wet lm), wetting behaviour during deposition and drying, control over morphology formation and of course it must all work in air.
